Use of the extinct 182 Hf-182 W chronometer to constrain the timing of planetary accretion and differentiation rests on the assumption that the solar nebula had homogeneous tungsten isotopic composition. Here, we report deficiencies of $0.1 part in 10,000 in the abundance of 184 W in group IVB iron meteorites relative to the silicate Earth. These are most likely due to incomplete mixing at the planetesimal scale (2Y4 km radius bodies) of the products of slow (s-) and rapid (r-) neutron-capture nucleosynthesis in the solar nebula. The correction that must be applied to the 182 Hf-182 W model age of core formation in IVB irons due to the presence of these nuclear anomalies is $0.5 Myr.
INTRODUCTION
Planets and planetesimals are thought to have formed from the accretion of material with a bulk composition similar to chondritic meteorites. Subsequent melting induced differentiation (i.e., segregation of metal and silicate), the timing of which can be determined by measuring the abundance of 182 W, a decay product of short-lived 182 Hf (t 1 = 2 ¼ 8:9 AE 0:09 Myr; Vockenhuber et al. 2004) . Using this extinct radioactivity, it is possible to establish the accretion timescales of Earth and Mars, date the Moonforming impact, and date magmatic differentiation events in meteorite parent bodies (e.g., Quitté et al. 2000; Yin et al. 2002; Kleine et al. 2002; Schoenberg et al. 2002; Lee et al. 2002; Foley et al. 2005; Markowski et al. 2006a) .
However, use of the extinct 182 Hf-182 W chronometer to date these early solar system events rests on the assumption that the solar system had homogenous W isotopic composition. Planetaryscale isotopic anomalies have been documented for O (Clayton 1993) , Cr (Trinquier et al. 2007 ), Mo (Dauphas et al. 2002 (Dauphas et al. , 2004 , Ru (Chen et al. 2003) , Ba ( Hidaka et al. 2003) , Sm, and Nd (Andreasen & Sharma 2006; Carlson et al. 2007 ). For heavy elements, these variations may reflect incomplete mixing of products of stellar nucleosynthesis (s-, r-, and p-processes) in the solar nebula. Similar anomalies, albeit of much larger magnitudes, were also measured in single presolar grains that formed in stellar outflows before formation of the Sun (Zinner et al. 1991; Nicolussi et al. 1997 Nicolussi et al. , 1998a Nicolussi et al. , 1998b Nicolussi et al. , 1998c Savina et al. 2003 Savina et al. , 2004 Barzyk et al. 2006; Terada et al. 2006) . The presence of these anomalies calls into question the assumption that the early solar system was thoroughly homogenized, which can undermine the use of several short-lived radiochronometers, including (0.1198, 26.4985, 14.3136, 30.6422, and 28 .4259 atomic percent, respectively; Völkening et al. 1991) . Excluding 180 W, which has too low of an abundance to be measured with sufficient precision, and 186 W and 183 W, which are used for correcting the measurements for instrumental mass fractionation in both this study and previous work (e.g., Yin et al. 2002; Quitté et al. 2000; Markowski et al. 2006a) , the only other abundant W isotope besides 182 W remaining to quantify the degree of mixing of nucleosynthetic sources in the solar nebula is 184 W. In order to document the degree of homogenization of the solar nebula for the products of stellar nucleosynthesis, we have measured the W isotopic compositions of some magmatic iron meteorites that are thought to be remnants of planetesimal cores. The ultimate goals are to refine the s-process path in the W mass region and correct for any nucleosynthetic anomalies that could affect A brief overview of the methods used for separating and analyzing W is given in x 2. The results of iron meteorite measurements and a critical evaluation of possible analytical artifacts are presented in x 3. Possible causes for the presence of W isotopic anomalies in iron meteorites (Galactic cosmic-ray irradiation and nucleosynthetic heritage), as well as consequences for 
MATERIALS AND METHODS
We measured the W isotopic compositions of four IIAB iron meteorites (Cedartown, Smithsonian, Sierra Gorda, and El Burro), six IVBs (Tlacotepec, Tawallah Valley, Santa Clara, Hoba, Cape of Good Hope, and Skookum), and one ungrouped iron (Deep Springs). Tungsten was separated from matrix and isobar elements using ion exchange chromatography, and its isotopic composition was analyzed by multicollector inductively coupled plasma mass spectrometry (MC-ICPMS; for details see Foley et al. 2005; Qin et al. 2007 ).
The iron meteorite samples weighing 1Y3 g were first leached with 11 M HCl ($20% mass loss) in order to remove any surfacesited terrestrial contamination. The cleaned pieces were then dissolved in aqua regia to ensure thorough dissolution of the sample and oxidation of FeO and Fe 2+ to Fe 3+ . The samples were dried down and redissolved in a minimum amount of $11 M HCl. The solutions were diluted with Milli-Q water to 110 ml (the sample must be split into two parts if more than 1.7 g is dissolved to get a final HCl molarity of less than 0.5 M). Hydrogen peroxide was added to a final concentration of 0.3% in order to stabilize W in solution.
Chemical separation of W from matrix and interfering elements was achieved through a two-stage column chemistry. The sample solution was first loaded on a 150 mL Savillex Teflon column (inside diameter I:D: ½ ¼ 4 cm) filled with 60 mL of (wet) Bio-Rad AG50-X8 200Y400 mesh hydrogen-form resin, which was pre-equilibrated with 250 mL of 0.2 M HClÀ0.3% H 2 O 2 . The eluate was collected and another 140 mL of 0.2 M HClÀ0.3% H 2 O 2 was added to the column to elute any remaining W. After this column, >99% of the matrix elements, mainly Fe and Ni, were removed. The eluate was then evaporated to incipient dryness. A few drops of HClO 4 were added, and the solution was evaporated at $200 C to get rid of carbon compounds from the sample and resin. Further purification was achieved through a series of anionexchange columns in HCl-HF medium, following the procedure of C. N. Foley (2005, personal communication) from Mü nker et al. (2001) and Kleine et al. (2004) . A precleaned Savillex Teflon microcolumn (I:D: ¼ 6:4 mm) was filled with 2 mL (wet) AG1-X8 200Y400 mesh chlorine-form resin. The resin was cleaned and conditioned with 10 mL of 6 M HNO 3 À0.2 M HF 1%À H 2 O 2 , 2 mL of Milli-Q H 2 O, 10 mL of 7 M HClÀ1 M HF, and 10 mL of 0.5 M HClÀ0.5 M HF. The sample solution (1 mL) in 1 M HClÀ0.5 M HF was loaded on the column, and 8 mL of 0.5 M HClÀ0.5 M HF, 4 mL of 0.5 mM HClÀ0.5 mM HF, 13 mL of 9 M HClÀ0.01 M HF, 1 mL of 9 M HClÀ1 M HF were added to elute remaining matrix elements and interfering elements. Tungsten was collected in 11 mL of 7 M HClÀ1 M HF. One drop of HClO 4 was then added to the W eluate to prevent complete drying during evaporation and promote loss of Os and organic compounds. The anion-exchange chemistry was repeated for a total of three times, changing the resin each time. A number of cycles (typically three) of drying down the sample in HClO 4 and taking it back in solution in a drop of the same acid were performed at the end of the last anion-exchange sequence.
The isotopic compositions of purified W solutions in 0. Os allowed us to monitor and correct for isobaric interferences from Hf, Ta, and Os. The sample was run at 30Y80 parts per billion (ng/g), corresponding to ion intensities in the range (3Y8) ; 10 À11 A (measured with 10 11 resistors). Most of the measurements were conducted under ''hard extraction'' mode (in which a negative voltage is applied to the collimator cone). The samples were measured in a sequence of 20 cycles, with each cycle integrating ion intensities for 15 s. A NIST 3163 W solution was used as the W isotope standard. The W concentration of the standard was matched with that of the sample to within 3%. Sample measurements were bracketed by standard measurements to correct for instrument response drift with time. Natural and instrumental mass fractionations were corrected using the exponential law (Maréchal et al. 1999) (Völkening et al. 1991) . The "-value (the relative deviation of internally normalized isotope ratio from the standard ;10 4 ) of the sample was calculated relative to the average of the adjacent standards. A total of 13Y20 repeats were obtained for each sample and were used to compute averages and 95% confidence intervals as
where t 0:95; nÀ1 is Student's t-value corresponding to a two-sided 95% confidence interval for n À 1 degrees of freedom.
W ISOTOPIC ANOMALIES
The results of W isotopic composition are compiled in Table 1 . For the purpose of interlaboratory comparison, some of the samples were also measured on Neptune and Nu plasma MC-ICPMS.
The " 182 W values obtained for IIAB and IVB iron meteorites agree with a recent study (Markowski et al. 2006a) , and the chronological implications will be discussed in a separate contribution. The " 184 W deficiencies measured in Deep Springs and Tlacotepec are small, and it is the first time that such effects are reported in iron meteorites. For those reasons, we evaluated a number of analytical artifacts that may have affected W isotope analyses, particularly " 184 W.
1. We found that mismatch in the W concentration between standards and samples can affect the accuracy of the " 184 W measurements, if the difference is larger than 3% (Qin et al. 2007 ). Care was taken to match the W concentration of the sample with that of the standard within 3% for all reported measurements.
2. Peak scans of selected W solutions in the atomic mass range 40Y220 were compared with those of blank solutions. Figure 2 shows such a scan for Tlacotepec. The final purified W sample solution is very clean. No peaks indicating the presence of matrix and interfering elements were observed over the entire mass range. In addition, no molecular interferences are observed around the W mass region. Osmium, a major isobar of W was monitored and corrected in every analysis and was always present at a very low abundance, with 188 184 W with the number of anion-exchange columns through which the samples were processed, while the Mo/W ratio in the solution is expected to decrease with increasing column number (Fig. 3) . IIAB meteorites also have Mo/W ratios similar to IVB meteorites (Petaev & Jacobsen 2004 3. A pure NIST 3163 W standard was processed through the W separation procedure. An aliquot of the NIST W standard was also mixed with the matrix elements (Fe, Ni, and Co, without elements that follow W during the chemistry) of Tlacotepec recovered from the chemistry and was processed through the W separation procedure. The measured "
184 W values of these two solutions (Table 1 ; Fig. 1 ) are identical to that of the unprocessed, pure NIST 3163 W standard, indicating that there are no analytical artifacts related to the sample matrix or the W separation procedure.
4. Multiple analyses of Tlacotepec were performed to check the reproducibility of the results by Isoprobe MC-ICPMS when changing either the number of cation/anion exchange columns used for chemical separation or the ion extraction mode of the instrument. The " 184 W values for these multiple Tlacotepec analyses (Isoprobe only) are shown in Figure 3 . Changing the number of cation /anion exchange columns is a useful test to evaluate the effect of residual matrix elements and isobars, since samples passed through various cation /anion column combinations are expected to contain various levels/compositions of matrix elements and isobars. Some of the measurements were conducted in ''soft extraction'' mode, where a small positive extraction voltage is applied to the collimator cone. This typically lowers the peak sensitivity by 50%Y75% compared to ''hard extraction'' mode, but lowers the background intensity by 90%Y 99%. If molecular interferences were a problem in the measurements, changing the ion extraction mode of the instrument from ''hard'' to ''soft'' mode would significantly reduce the level of molecular interferences and could result in different " 5. The effect of mass fractionation was examined. Column chromatography can cause mass fractionation of W isotopes if W is not fully recovered. When searching for isotopic variations that do not depend on mass, natural and laboratory-introduced mass fractionations are usually corrected for by internal normalization to a pair of isotopes using the exponential law. However, if the fractionation does not obey the exponential law, the measured " 184 W could change with the mass fractionation factor of the analyzed solution. Figure 4 shows that this is not the case.
6. Interlaboratory reproducibility was tested for three samples: Cedartown, Tlacotepec, and Deep Springs. The results are shown in Figure 5 . The " 184 W values obtained by Isoprobe are consistent with those obtained in two other laboratories ( ETH in Zurich and the Thermo Fisher Scientific factory in Bremen) using different types of MC-ICPMS (Nu and Neptune) for all three samples (Fig. 5a ). In the case of ETH Zurich (Nu), the whole procedure, from sample dissolution to isotopic analysis (including chemical purification) was done independently. In the case of the Thermo factory in Bremen (Neptune), analyses were performed on solutions that were purified in Chicago. It is doubtful that analytical artifacts would be present at the same level using different MC-ICPMS instruments and different purification protocols.
Thus, we conclude that the deficiencies of " 184 W in IVB iron meteorites and Deep Springs relative to the terrestrial standard and IIAB iron meteorites are real. Possible reasons for the observed " 184 W variations are exposure to galactic cosmic rays (GCRs) in space or heterogeneous distribution of s-and r-process isotopes in the solar nebula.
GALACTIC COSMIC-RAY IRRADIATION?
It has been shown both theoretically and experimentally that long-term exposure to GCR can cause negative shifts in internally normalized " 182 W values of iron meteorites (Masarik 1997; Leya et al. 2003; Markowski et al. 2006b ). This is because GCRs can generate secondary neutrons causing W isotope shifts through neutron-capture reactions. Simulations of cosmic-ray interactions with iron meteorites indicate that for a fragment of Toluca of 3.9 m radius exposed to GCR for 600 Myr ( Masarik 1997) , the maximum shift in " 182 W (normalized by 186 W/ 183 W) is À0.5". The corresponding effect on " 184 W is very small ($0.03"), but with an uncertainty of $AE0.2" (J. Masarik 2005, personal communication). It is worthwhile to note that the absolute change in W ratio due to GCR irradiation is significant, but because of internal normalization, the expected shift in " 184 W is small. Another feature of the GCR effect is that cosmogenic " 182 W is approximately linearly correlated with cosmogenic " 184 W, although the sign and value of the slope are both uncertain due to model uncertainties. The negative "
182 W values measured in Tlacotepec, and other meteorites (Table 1) relative to the inferred initial composition of the solar nebula ($À3.5; Yin et al. 2002; Kleine et al. 2005 ) is primarily caused by GCR irradiation (Masarik 1997; Leya et al. 2003; Markowski et al. 2006b ), given their relatively long exposure ages (e.g., Voshage & Feldmann 1979) . However, this process cannot be responsible for the " 184 W deficiencies measured in IVBs. Indeed, if this were the case, there should be a correlation between GCR irradiation documented by " 182 W and shifts in " 184 W (as indicated by the dashed line in Fig. 6 ). In addition, this correlation should pass through " 184 W ¼ 0 when " 182 W is $À3.5 (assuming that the original " 182 W value of IVBs before GCR exposure is close to the initial value inferred for the solar system, as documented for other groups of magmatic iron meteorites; e.g., Markowski et al. 2006a ). This contradicts our observations that there is no correlation between " 182 W and " 184 W (slope ¼ À0:005 AE 0:054) and that " 184 W is negative (À0:08 AE 0:03) when " 182 W ¼ À3:5 (Fig. 6 ).
NUCLEOSYNTHETIC ANOMALIES AND IMPLICATIONS FOR
182 Hf-182 W CHRONOMETRY
The most likely interpretation for the deficiencies in " 184 W measured in IVBs is that these reflect inherent heterogeneous distribution of products of stellar nucleosynthesis in the solar nebula. All W isotopes except 180 W (mainly produced by the p-process) are synthesized by s-and r-processes in asymptotic giant branch (AGB) stars and supernovae, respectively. If different regions of the nebula received different contributions of s-or r-process isotopes, variations in the isotopic composition of W are expected. We computed s-process yields in an AGB stellar model using an updated nuclear reaction network ( Bao et al. 2000 ). The estimated s-process abundances are similar to those reported in a previous study (Arlandini et al. 1999) , except for a 182 W yield that was 40% higher (corresponding to a 17% increase in s-process fraction of 182 W) due to a 50% downward revision of the cross section of 182 Ta (Bao et al. 2000; Rauscher & Thielemann 2000) . In Figure 7 we show the result of adding or subtracting an s-process component to or from the bulk silicate Earth (BSE) composition (solid black line). Negative " 184 W in IVBs can be accounted for by slight deficiencies in s-or enrichments in r-process components. This is consistent with the results of Mo (Dauphas et al. 2002 (Dauphas et al. , 2004 and Ru (Chen et al. 2003) isotopic studies of iron meteorites, except that s-process deficiencies in the isotopes of these two elements were also observed in IIABs. We also note that the isotopic variations for Mo and Ru are approximately 1 order of magnitude larger than those for W. Since melting and subsequent segregation of metal from silicate in iron meteorite parent bodies destroyed presolar grains (the carrier phases of nucleosynthetic anomalies), the " 184 W anomalies detected in IVB iron meteorites must reflect the heterogeneous distribution of s-and r-process isotopes at the scale of the IVB parent body (an asteroid of $2Y4 km radius; Haack et al. 1990) .
A question that needs to be addressed is whether or not nuclear anomalies have also affected 182 W in a way that would yield erroneous 182 Hf-182 W model ages (the time of metal-silicate differentiation in a two-stage scenario; e.g., for details see Yin et al. 2002; Kleine et al. 2002; Lee et al. 2002; Markowski et al. 2006a; Scherstén et al. 2006) . Modeling of the s-process in AGB stars predicts that there should be a correlation between nonradiogenic, noncosmogenic " 182 W (denoted as " 182 W n ) and noncosmogenic . Details relevant to the chemical purification procedure and isotopic analysis are shown as ''m ; cation, n ; anion, hard /soft'' (m and n are the number of cation-and anion-exchange columns that the specimen was processed through, respectively; ''hard /soft'' represents ''hard'' or ''soft'' extraction mode of the instrument). If unlabelled as indicated above, the Tlacotepec specimens were processed and analyzed by the standard procedure described in the text (1 ; cation, 3 ; anion, hard). The rectangle shows that the two analyses were done on the same solution. Otherwise, different meteorite fragments were dissolved. Fig. 4.-" 184 W value vs. W isotope fractionation factor in the analyzed solution for all the Tlacotepec analyses by Isoprobe. Also shown are the regression line (solid line) and its 95% confidence envelope (gray lines). The W fractionation factor in the analyzed solution was calculated relative to the bracketing standard without internal normalization, so the fractionation factor excludes instrumental mass fractionation and corresponds to the mass-dependent fractionation introduced by ion-exchange chromatography and natural processes. Because the mass fractionation by natural processes is presumably the same for all Tlacotepec pieces, this plot reflects whether or not the measured " 184 W value is correlated with the mass fractionation caused by ion chromatography. (Fig. 7) . Using this value, a correction of only +0.004 needs to be made to " 182 W for " 184 W ¼ À0:1. This is negligible compared to analytical precision and hence no correction needs to be made to model ages.
However, the slope of this correlation is still uncertain due to uncertainties in some key nuclear properties. The following factors control the s-process path and model outcomes: the neutroncapture cross sections of the stable isotopes of W and the cross sections and À -decay rates at the branching points 182 Ta, 181 Hf, 182 Hf, and 185 W (where capture of neutrons and -decay occur simultaneously). 184 W values and (b) " 182 W values for Cedartown, Deep Springs, and Tlacotepec obtained using three different types of MC-ICPMS instruments ( Isoprobe, Neptune, and Nu plasma). For all three samples, the Neptune data ( Thermo Fisher Scientific, Bremen) were obtained using the same solutions as those used for Isoprobe analyses. For Cedartown and Deep Springs, additional samples were obtained from areas in the specimens close to those that had been sampled previously for Isoprobe/Neptune analyses and were processed through a different separation procedure and analyzed by Nu-plasma MC-ICPMS at ETH, Zürich (see Markowski et al. 2006a for details of the analytical procedure). The Tlacotepec " 184 W datum by Nu-plasma is from Markowski et al. (2006a) . Because of GCR-related variations in " 182 W in this meteorite ( Markowski et al. 2006b ), no direct comparison of " 182 W can be made for Tlacotepec between Nu plasma and the other two instruments. [See the electronic edition of the Journal for a color version of this figure. ] 
